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ABSTRACT: A circular-slot embedded elliptical patch antenna with DGS ground is introduced for Wi-Fi, Bluetooth, Sub 6 GHz 5G,
IRNSS, Wi-Max, and WLAN wireless network applications. The design consists of an elliptical radiating patch featuring a circular
cutout positioned on the uppermost layer of the substrate, while the under layer incorporates a DGS structure with two symmetrical slots.
The antenna is implemented on an FR4 substrate having a thickness of 1.6 mm and is excited using a microstrip line feed. The structural
layout of the antenna corresponds to dimensions of 0.71A x 0.81A x 0.016\. The developed antenna achieved a bandwidth of 86.74%,
encompassing a BW extending from 1.73 to 4.38 GHz maintaining a reflection coefficient (S11) lower than —10 dB, exhibiting 5.1 dB
of peak gain. The radiation characteristics and surface current density distribution are examined at specific frequencies of 2.4 GHz,
2.78 GHz, 3.5 GHz, and 3.95 GHz. Additionally, the antenna’s evolution and parameter effects were examined to better understand its

performance characteristics.

1. INTRODUCTION

lot-integrated printed antennas are gaining popularity in

today’s wireless network due to their benefits, including
low production cost, miniature dimensions, adequate gain, and
seamless compatibility with active elements and microwave
(MW) circuits. Introducing parasitic patches and shorting
vias significantly improves bandwidth and radiation perfor-
mance. Utilizing coupled microstrips, the miniaturized antenna
maintains excellent impedance characteristics [1-3]. Defected
Ground Structure (DGS) technique enhances microstrip an-
tenna performance by modifying transmission characteristics,
improving impedance bandwidth, and reducing ground copper
usage. Slot loading increases bandwidth and miniaturizes the
antenna by extending the current path, optimizing gain and res-
onance frequency [4-6, 13].

This lightweight, wearable textile antenna effectively sup-
ports multiple frequency bands for wireless body-area net-
works. The compact Wi-Fi antenna utilizes a half-mode patch
design to ensure precise coverage of unbalanced frequency
bands, optimizing performance [7,8]. Designed for internet
of things (IoT) and medical use, this compact, wideband, low-
profile antenna utilizes an elastomeric fabric and artificial mag-
netic conductor. It supports Industrial, Scientific, and Medical
(ISM) and Wi-Fibands. Meander line technique minimizes size
but reduces radiation efficiency as antenna dimensions shrink.
Ultra-wideband (UWB) antennas are also accumulating signif-
icance in medical imaging applications and IoT [9-11].

Several wide-slot configurations have been investigated,
including triangular, rectangular, rhombus, elliptical, U-
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shaped, hexagonal, and octagonal structures. Additionally, the
geometry of the patch affects mutual coupling and impedance
alignment [12]. Circular notch along with DGS structure
provides better bandwidth (BW) improvement than different
notch structures like U- and square-shaped slots. It construc-
tively alters paths of current and eliminates surface wave,
enhancing impedance matching.  Contrasting rectangular
notches, a better distribution of current is provided by circular
shape [12,16,20,23]. The circularly slotted elliptical patch
antenna with defective ground that we present in this com-
munication is examined both experimentally and numerically
for a variety of applications. In the beginning, the circular
notch and defective structure are applied to the patch and
ground, respectively. Additionally, to enhance the antenna’s
performance, ground plane includes symmetrically placed slots
at the corners. The suggested antenna operates from 1.73 GHz
to 4.38 GHz, having a 86.74% bandwidth. This antenna
demonstrates omnidirectional radiation characteristics in the
H-plane and bidirectional radiation patterns in the E-plane.
A parametric analysis is conducted to examine the antenna’s
performance. Furthermore, simulated current distributions of
antenna are also described.

2. ANTENNA DESIGN METHODOLOGY

An elliptical patch antenna shown in Figure 1 is an extended
version of the circular monopole, characterized by unequal ma-
jor and minor axes. Higher-order resonances are supported by
microstrip antennas, which resemble cavities filled with dielec-
tric material. A more accurate analysis of the electromagnetic
fields in the dielectric substrate, which is located in the space
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FIGURE 1. Elliptical patch.

separating the patch and the ground, can be achieved by view-
ing this area as a cavity surrounded by magnetic walls and elec-
tric conductors around the edge of the patch. To determine the
electromagnetic fields within the cavity, the vector potential
method is utilized. For TMZ modes, the magnetic vector poten-
tial Az must be first identified, adhering to the homogeneous
wave equation in cylindrical coordinates as [12]

VzAZ(p7w7Z) + KQAZ(p7wvz) =0

The dimensions of the elliptical monopole (with the length of
major and minor axes — 2a and 2b) are determined and un-
equal minor and major axes, elliptical patch diverge form cir-
cular behavior which in turn leads to the distribution of cur-
rent nonuniform & mode splitting. This will alter the reso-
nance frequency and initiate multiple resonances, resulting in a
wider bandwidth. In contrast to a rectangular patch with sharp
edges, elliptical patch with continually shifting curvature pro-
vides an intrinsically wider impedance bandwidth, allowing for
a smoother surface current distribution and better impedance
matching [16,20,23]. To calculate the lower operating fre-
quency (fr,) of the electromagnetic (EM) antenna, radius (r)
and length (L) of the equivalent cylindrical monopole are cal-
culated by equating its area as follows [12,23]:

2nrL = mab
The resonant frequencies for TMZ, , modes can be expressed
as

1 X'mn
T\/ € a
The lower frequency f, can therefore be written as
c
fr 2

~ Loyer

3. THE GEOMETRIC DESIGN OF THE ANTENNA

Figure 2 illustrates the dimensions and geometric design of
the suggested antenna. A suggested design is uniform about
a longitudinal axis and positioned on the z-y plane. A patch
with two elliptical elements, defined by its semi-major axis
and semi-minor axis, along with a circular notch (R,,.) and mi-
crostrip feed line (with length Ey; and width Ey,,), is fabri-
cated on the topmost layer of a substrate. The substrate pos-
sesses a thickness of 1.6 mm, dielectric-constant of 4.4, and
loss tangent of 0.02. A defective ground structure is incorpo-
rated on the substrate’s bottom surface, and it is employed to
augment antenna performance characteristics, including band-
width, gain, and mitigating cross-polarization effects. Addi-
tionally, two symmetrical parasitic slots (L 4. and W) are inte-
grated at the vertices of the ground. Antenna’s total dimensions
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TABLE 1. Geometric parameter values.

Parameter Value | Parameter | Value
FE1(Semi major axis) | 0.20\ Wy 0.81X
FE1(Semi minor axis) | 0.17A L, 0.71X
FE2(Semi major axis) | 0.24X Ly 0.22)
FE2(Semi minor axis) | 0.12A Ly, 0.49

Ry 0.07X Wau 0.02X
Egq 0.22) Wye 0.15A
By 0.03X Lge 0.19A
W 0.81A R. 0.02X\

are 0.71) x 0.81A x 0.016\. Table 1 shows the dimensions of
the projected design.

In the proposed design, the fundamental mode TMy, where
the electrical field is uniformly distributed along the patch, and
higher-order modes TM;y and TM;, are generated in the pro-
posed design which are accountable for the resonance at given
frequency.

For fundamental frequency calculations, the elliptical patch
antenna is sometimes represented as circular monopole; how-
ever, this approximation may result in inconsistencies, partic-
ularly when higher frequencies are involved or higher-order
modes and impedance matching are taken into account.

4. EVOLUTION OF ANTENNA AND PARAMETRIC
ANALYSIS

The evolution of antenna is depicted in Figure 3, and Figure 4
displays an illustration of the frequency responses of anten-
nas 1, 2, 3, and 4. A circular notch is integrated to patch to
increase antenna impedance matching, and this notch has two
purposes, i.e., tweaking modes and adding the capacitive effect.
To optimize antenna performance, the primary antenna is cou-
pled with an additional elliptical radiating patch that is turned at
a 90° angle. The ground plane incorporates two symmetrically
configured conductive strips that enhance the antenna’s oper-
ational efficacy. Furthermore, two identical slots are made to
maximize the resonating band’s return loss and decrease volt-
age standing wave ratio (VSWR).

Furthermore, a patch antenna’s circular notch enhances
impedance bandwidth and improves wideband features and
performance. Additionally, it improves radiation efficiency
and gain by lowering surface wave losses.

It is clearly shown in Figure 4 that a patch antenna incorpo-
rating a notch and a defective ground structure (DGS) improves
performance by altering the distribution of current and reduc-
ing undesired harmonics. The circular notch and slot embedded
within the antenna facilitate broadband functionality by metic-
ulously calibrating and optimizing resonance frequency distri-
butions. They collaborate synergistically to enhance radiative
efficiency while simultaneously mitigating the surface waves.
As shown in Figure 4, the incorporation of a DGS modifies the
current flow and disrupts unwanted coupling, leading to im-
proved impedance matching and lowering return loss.
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FIGURE 2. Proposed antenna geometry: (a) Top side, (b) bottom side.

FIGURE 3. Step-by-step antenna evaluation.
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FIGURE 4. Return loss of antenna.

Figure 5 illustrates the effect of R, on return loss as R, varies
from 1.63 mm to 2.43 mm. The impedance bandwidth and re-
turn loss are improved with an increase in R.. The augmenta-
tion of R, contributes to the enhancement of impedance band-
width while efficiently enhancing return loss.

Figure 6 clearly demonstrates that increasing the value of L.
leads to an enhancement in the impedance bandwidth (IBW)
of designed antenna while improving return loss. The varia-
tion in Wy on frequency response curve (FRC) is depicted in
Figure 7. The upper cutoff frequency undergoes modification,
concurrently enhancing the return loss within the range of mid-
frequency. As shown in Figure 8, both lower and upper cutoff
frequencies move to the right as Wy, increases from 0.7 mm to
2.3 mm.
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FIGURE 5. Impact of R. on designed radiating structure.

The lower cutoff frequency is determined using Equation (2),
where Lo represents the distance in Figure 9 and Lo = L; +
Ly+ Ls. Lower cutoff frequencies 1.68 GHz and 1.73 GHz have
been calculated and simulated. A minor discrepancy of 2.28%
is observed between the calculated and simulated lower cutoff
frequencies.

5. RESULTS AND DISCUSSION

Figure 10 demonstrates the suggested antenna prototype. The
proposed microstrip patch antenna (MPA) is simulated using
High Frequency Structure Simulator (HFSS), while fabricated
MPA is evaluated inside an anechoic chamber, as depicted in
Figure 11. Investigation evaluates reflection coefficient, pat-
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FIGURE 6. Impact of L, on the designed radiating structure.
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FIGURE 8. Impact of Wy, on designed radiating structure.

tern of radiation, gain, and VSWR, comparing the measured
results with simulation outcomes.

A comparison of simulated and measured S} (Reflection co-
efficient) and VSWRs against frequency are shown in Figure 12
and Figure 13.

As depicted in the figures, the high degree of agreement and
consistency is observed. The developed antenna achieved a
bandwidth of 2.65 GHz (86.74%), encompassing a BW extend-
ing from 1.73 to 4.38 GHz for maintaining a reflection coeffi-
cient (S1;) lower than —10 dB. The discrepancy between mea-
sured and simulated return losses is caused by manufacturing
deviations, SMA connector, and the influence of the ground
plane.

Figure 14 illustrates the distribution of surface current along
frequencies. The antenna exhibits a well-defined current dis-
tribution, ensuring efficient excitation and controlled radiation
characteristics. Strong coupling is indicated by a high current
density at the feed, which maximizes power transfer and raises
antenna efficiency overall.

The normalized current configuration and the far-field radi-
ation distribution in both E-plane (XZ plane, ® = 0°) and H-
plane (YZ-plane, & = 90°) are presented in the corresponding

164

_10 -

—154

Syy(dB)

_20 4

254

T T
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Frequency(GHz)

FIGURE 7. Impact of Wy on designed radiating structure.

FIGURE 9. Surface current distribution at the lower cutoff frequency.

FIGURE 10. Antenna prototype.

Figure 15. It shows the radiation patterns of the proposed an-
tenna at the frequencies of 2.4, 2.78, 3.5, and 3.96 GHz. The
radiation pattern exhibits a well-defined bidirectional charac-
teristic in the X-Z plane, enhancing focused signal transmis-
sion. In contrast, the near-omnidirectional behavior in the Y-Z
plane ensures broader coverage and consistent performance.

Table 2 presents comparative performance analysis of the
designed antenna alongside various reported designs, evaluat-
ing aspects such as dimensions, bandwidth, gain, radiation ef-
ficiency, frequency range, and feeding techniques. Figure 16
presents the measured gains of 3.2 dB, 4dB, 3.3dB, and 5.1 dB
for the proposed antenna across various frequencies. The sim-
ulated radiation efficiency of proposed antenna varies form 88
to 96%.
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FIGURE 11. (a), (b) Anechoic chamber setup for measuring the proposed antenna.
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FIGURE 12. Measured and simulated reflection coefficients.
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FIGURE 13. Measured and simulated VSWRs.
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FIGURE 14. Impact of surface current distribution. (a) 2.4 GHz, (b) 2.78 GHz, (¢) 3.5 GHz, (d) 3.95 GHz of proposed antenna.

165

WWwWw.jpier.org



PIE R C Prajapati, Jaiswal, and Dalvadi

Cx-Pol(Sim) ======s=a Cx-Pol(Mes)

Co-Pol(Sim) ==+====== Co-Pol(Mes)

FIGURE 15. Measured and simulated far-field radiation patterns of the designed antenna. (a) 2.4 GHz-E field, (b) 2.4 GHz-H field, (¢) 2.78 GHz-E
field, (d) 2.78 GHz-H field, (e) 3.5 GHz-F field, (f) 3.5 GHz-H field, (g) 3.95 GHz-F field, (h) 3.95 GHz-H field.
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TABLE 2. Comparison of the proposed antenna’s performance with that of the reported antenna.

F Effici
Ref. Size requency BW (%) Substrate Technique-Feeding fereney Gain
Range (GHz) (~ %)
[14] 0.60A x 0.60\ x 0.003)\ 1.42-1.56 9 Roger 4350B | HMSIW/QMSIW - 7 dBic
[15] 0.53X x 0.53\ x 0.013\ 2.1-3.2 41.5 FR4 CPW - 3dBi
[16] 0.14X x 0.26A x 0.011A 1.42-2.52 55.83 FR4 Tapered Microstrip 93.16% 5.55dBi
[17] 0.96\ x 1.93A x 0.01)\ 3245 33.76 FR4 Microstrip 70-82% 4.25dB
[18] 1.IA x 1.1X x 0.05) 3.96-5.73 36.5 Roger CPW 90-93% 10.45 dBi
[19] 1.93X x 1.03A x 0.01)\ 3443 234 FR4 Coaxial 43% 3dBi
[20] 0.65X\ x 0.62A x 0.27)\ 4.5-5.75 24.4 FR4 Microstrip 81% 6dBi
[21] 0.82X\ x 0.82A x 0.34)\ 33-5 40.9 FR4 Microstrip 55-82% 4.4 dBi
[22] 0.42X\ x 0.42X x 0.013X 1.70-3.34 65.1 FR4 Microstrip 75% 5.49dBi
This work | 0.71X x 0.81\ x 0.016A 1.73-4.38 86.7 FR4 Microstrip 88-96% 5.1dB
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6. CONCLUSION

An elliptical patch antenna having a circular notch fed by a
microstrip line for wideband application is investigated. The
developed antenna achieved a bandwidth of 86.74%, cover-
ing a frequency range from 1.73 to 4.38 GHz for maintaining
a reflection coefficient (S7;) lower than —10dB, and the dis-
tributions of surface currents and associated radiation patterns
were analyzed at resonance frequencies of 2.4 GHz, 2.78 GHz,
3.5 GHz, and 3.95 GHz, achieving maximum gains of 3.2 dB,
4dB, 3.3 dB, and 5.1 dB. Atall frequencies, the far-field pattern
is bidirectional and omnidirectional, and there is a slight vari-
ation between the observed and simulated radiation patterns.
The antenna’s evolution and the impact of parameters are also
examined.
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